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We propose that concurrently magnetic and ferroelectric, i.e. multiferroic, compounds endowed 
with electrically-active magnetic excitations (electromagnons) provide a key to produce large direc- 
tional dichroism for long wavelengths of light. By exploiting the control of ferroelectric polarization 
and magnetization in a multiferroic oxide Ba2CoGe207, we demonstrate the realization of such a 
directional light-switch function at terahertz frequecies in resonance with the electromagnon absorp- 
tion. Our results imply that this hidden potential is present in a broad variety of multiferroics. 
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PACS numbers: 

Matter can change color when exposed to a mag- 
netic field. The most exotic manifestation of such 
magneto-chroism is the non-reciprocal directional dichro- 
ism, that is, materials can distinguish between counter- 
propagating light beams irrespective of their light po- 
larization. Such a violation of reciprocity can be mani- 
fested not only in absorption but also in scattering and 
refraction processes each governed by the difference in 
the light velocity (complex index of refraction) for for- 
ward and backward propagation [l], The symmetry 
requirements of directional anisotropy -sharing common 
origin with the dc magnetoelectric effect [3[- are rather 
strict as time reversal and spatial inversion should be si- 
multaneously broken 0, [H[ . Concerning the microscopic 
nature of the light-matter interaction, it is closely re- 
lated to the magneto-electric linear dichroism, the Jones 
effect, and the magneto-chiral dichroism [2|,[6|,[7j. Despite 
the early prediction of this phenomenon by Brown and 
coworkers [3], and the efforts donated to its detection 
with reducing the symmetry of matter, e.g. by appli- 
cation of crossed static electric and magnetic field, the 
effect was usually found weak (8l4Io| . Promising hosts of 
this phenomenon could be multiferroic compounds and 
metamaterials where both the spontaneous magnetiza- 
tion and ferroelectric polarization are built in the media 
and may produce large amplification [ll|, ll2|. The ex- 



istence of directional anisotropy was confirmed so far in 
the near infrared, visible and ultraviolet region of the 
spectrum and, more recently, for X-ray radiation [l3| . 
However, its fingerprints have never been evidenced for 
long wavelengths of light covering the range of magnetic 
excitations and lattice vibrations in solids. Based on the 
general concept of multiferroic systems, we show that 
spin excitations when coupled to electric polarization can 
be particularly effective to generate directional dichroism 



controllable by moderate magnetic fields. 

In multiferroics, the magnetic and polarization order 
are coupled to produce the dc magnetoelectric effect; 
electric polarization can be induced by magnetic field 
and magnetization appears in response to an electric field 
[EL fl3 - [l6| . If the ground state has such an entangle- 
ment, the low- lying excitations must also be interlocked. 
Thus, oscillating magnetization and polarization {Mf 
and P") can be induced by the electric and magnetic 
component of light {Ef and Hf), respectively, through 
the optical magnetoelectric effect (OME) according to 
M?=^xTj e (u)Ey and i^^XffM^- Spin and po- 
larization waves can hybridize to form electromagnons, 
as discussed e.g. in RMn0 3 0, RMn 2 5 [18], and 
Ba2Mg2Fei2 022 [H|. A microscopic view based on the 
Kubo formula shows that resonant electromagnon pro- 
cesses can most efficiently generate the OME: 

v«-f, ,] = ?V cj no 8?{(0|m i |n)<n|e J -|0)} + ia;a{(0|m < |n)(n|e j |0)} 
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Dominant contributions arise when transitions from the 
ground state |0) to excited states \n) can be resonantly 
induced by photons, i.e. uj « uo noi both via magnetic (mj 
and electric (ej) dipole operators. Terms associated with 
the real (') / imaginary (") part of the transition matrix 
elements change sign / remain invariant under time rever- 
sal, respectively. The two cross-effects are related by the 
Kubo formula according to Xij G ( UJ ) = Xij ( a; )+X^( a; ) an d 
Xij n (u)=Xji( UJ )-Xji( UJ ). As also obvious from Eq. (pQ) 
the OME changes sign under spatial inversion. 

For the study of directional dichroism via the OME 
of electromagnon excitations, the multiferroic phase of 
Ba2CoGe207 offers an ideal arena. A representative part 
of its tetragonal crystal structure (space group P42im) is 
shown in Fig. la. At room temperature it is a paramag- 
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FIG. 1: a, Lattice structure of Ba2CoGe207 within the layer 
perpendicular to the tetragonal axis, z. Magnetic Co 2+ ions 
with S=3/2 spin form square lattice, b, The magnetic field 
(H||x) dependence of the magnetization (M x ) and the polar- 
ization (P z ) at T=3.4 K. Note that the polarization is an even 
function of if. c, In magnetic fields parallel to the x axis a 
single domain is formed with the polarization pointing to the 
z direction. The approximate spin structure as determined 
by Ref. [2(3 is also indicated, d, By tt rotation of the crystal 
around the y axis, the polarization is reversed in the frame of 
the observer while the magnetization is fixed by the external 
field (see also the panel b). 



netic insulator with a charge gap of A«4eV. According 
to prece ding study of neutron scattering [2o| and magne- 
tization [2ll-l23|. below Tat=6.7K the spin of Co 2+ ions 
lie in the tetragonal plane and form an antiferromagnetic 
structure with tiny canting along the [110] (or [110]) di- 
rection. The onset of the spontaneous magnetization, 
M, is accompanied with a ferroelectric polarization, P, 
pointing along the tetragonal [001] axis 21, [22| result- 
ing in a ferrotoroidic state; T=PxM The field de- 



pendence of the magnetization and the polarization to- 
gether with the spin texture can be discerned in Fig. lb- 
c. (Hereafter, the crystallographic axes [110], [110] and 
[001] will be referred to as x, y and z direction, respec- 
tively.) Though the polarization is an even function of 
the magnetic field, it can be alternatively reversed either 
by 7r/2 rotation of the field within the £?/-plane [22| or 
by 7r rotation of the sample around the y axis, as shown 
in Fig. Id. The feature that M and P can be separately 
switched turns out to be a key factor in the control of 
the directional dichroism. 

In the multiferroic phase sketched in Fig. lc-d, the 
symmetry is lowered to orthorhombic with a magnetic 
point group of m x m' 2' z which corresponds to that of an 
originally isotropic media after introducing crossed static 



electric and magnetic field [H, H, [HI . However, as we will 
demonstrate, the spontaneous symmetry-breaking fields 
are far more powerful in producing the OME. Neumann's 
principle yields the following form for the magnetoelectric 
tensor in accordance with field-dependent electric polar- 
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Using terahertz time-domain spectroscopy we have in- 
vestigated the spin excitations in high-quality single crys- 
tals of Ba2CoGe207 with typical thickness of 1 mm over 
the frequency range of 0.2 - 2 THz (0.8-8meV). (Detailed 
description of the sample preparation and the applied ter- 
ahertz method are given in Ref. I22I and I24I respectively.) 
Besides the determination of the temperature and field 
dependence of the transition energies, we have performed 
a systematic study with change of light polarization, E w 
and H w , to establish the selection rules for the different 
magnon branches. In the multiferroic phase we observed 
two distinct absorption bands located at ~ 0.5 THz and 
~ 1 THz in zero field (see Fig. 2a). While the higher- 
energy mode can be excited for any polarization configu- 
ration, the lower one is silent if the magnetic component 
of the light is parallel to the tetragonal axis, H w ||z. The 
strength of the 0.5 THz band is independent of the ori- 
entation of the light E w vector implying that this exci- 
tation has a dominantly magnetic-dipole character. On 
the other hand, as it is clear from the main polariza- 
tion configurations shown in Fig. 2a, the intensity of the 
sharp transition at ~ 1 THz changes if either H w or E w 
is varied. Thus, this mode is an electromagnon with both 
electric- and magnetic-dipole activity, and hence should 
resonantly mediate the OME as expected from Eqs. (pp)- 
(|2|). From now on, we focus on the configuration of E w ||P 
(||z) & H^IIM (||x), since it turns out to be a unique con- 
dition for the directional dichroism phenomenon. 

As expected for spin waves, with increasing temper- 
ature the absorption of the 0.5 THz mode is gradually 
reduced and disappears above T/v~6.7K (see Fig. 2a). 
In contrast, the electromagnon at 1 THz survives above 
T/v with an increasing red-shift and broadening. Both 
modes show conspicuous magneto-chroism; their inten- 
sity is enhanced with the application of magnetic field 
along the x direction and a splitting with a g-factor ~ 2 
in high fields can be also followed in Fig. 2c. 

We turn to the extraordinary aspect of the electro- 
magnon, namely its strong directional dichroism. The so- 
lution of the Maxwell equations for the symmetry of the 
multiferroic Ba2CoGe207 gives clear guidelines. Only 
when the light propagates perpendicular to both M and 
P, i.e. k=(0, ^,0), the directional degeneracy of the op- 
tical response is lifted and the velocity becomes different 
for ±k y . Consequently, we obtain four independent so- 



3 




FIG. 2: Selection rules and characteristics for the magnon modes. The spectra are shifted relative to each other with the 
corresponding baselines, a, Light polarization dependence at T=3.4K in zero field when the x and y directions are equivalent. 
The 0.5 THz mode is excited by the magnetic component of light but insensitive to the change of the E w electric component. 
By contrast, the 1 THz mode is clearly affected by the variation of either H w or E w . b, Temperature dependence of the 
absorption spectrum. The conventional magnon disappears above the Neel temperature, while the electromagnon at 1 THz 
subsists well above Tat with a considerable fraction of its oscillatory strength present even at ~ 20 K. c, At T=3.4K the both 
modes split into two excitations (the side peaks are indicated by arrows) with the g factor ~2 in high fields. 



lutions for the generalized complex refractive index each 
corresponding to linearly polarized eigenstates: 

Nl((j) « ±4ttxLM + y/ezz(w)v>xx(w) 
N^(uj) « ±4ttxUM + V e xx(u)Vzz(u), 

where and /jjij are elements of the electric permittivity 
and magnetic permeability tensors. ivj. is the refractive 
index for ±k y in case E w is parallel to the ferroelectric po- 
larization and H w points along the magnetization, while 
N± stands for the perpendicular polarization (E^M & 
H^HP). Then the non-reciprocal term in the complex 
refractive index, whose real/imaginary part corresponds 
to the directional birefringence/dichrosim, is obtained as 

A7Vll=7V| - nI=8ttx xz and AN ± =8ttx zx . Since AN 
changes sign either by time reversal or spatial inversion, 
the switching of the magnetization or the polarization 
of the material is equivalent to the reversal of the light 
propagation. Therefore, the capability to independently 
control M and P is crucial for the rigorous analysis of 
the optical magnetoelectric phenomena. 

Fig. 3a-b schematically represent the configuration in 
which we probed the existence of directional dichro- 
ism. We found large non-reciprocal absorption reach- 
ing Aa~30cm _1 in the vicinity of the electromagnon 
at 1 THz - corresponding in maximum to a relative 
change of the absorption coefficient Aa / a ave =2(a JrM — 
a~ M )/(a +M + a~ M )^0.6 in #=±70kOe - but no such 
effect for the magnon mode at 0.5 THz as discerned in 
Fig. 3c-d. Furthermore, Aa is reversed when the ferro- 



electric polarization is "switched" by tt rotation of the 
sample around the y axis as shown in Fig. 3b. Fig. 3c-d 
demonstrate that in easily accessible fields (i7~±lkOe) 
the effect remains as high as Aa/a ave ^0.2. Its further 
increase with the field strength is in accord with the 
evolution of the symmetry-breaking order parameters M 
and P (see Fig. 3e). While the absorption by the elec- 
tromagnon mode subsists to some extent above Tat, the 
temperature dependence of Aa in Fig. 3f shows that the 
giant OME is restricted to the multiferroic state. 

As argued above, the observation of directional dichro- 
ism allows the direct measurement of the magnetoelectric 
tensor elements, especially those odd in magnetic field. 
Using the relation between the refractive index and the 
absorption coefficient, Aa^=2uj/c ■ ^{AN^}=Wttuj / c ■ 
9{XjJ, we get 47r9f{x^}«4 x 10" 2 for the electro- 
magnon at T=3.4K in i^"=70kOe. This number may 
look small when compared with typical values of the di- 
electric constant for electric-dipole transitions but it is 
appreciable on the scale of magnetic-dipole processes. 
Indeed, for the 0.5 THz magnon excitation -using the 
background dielectric constant e zz ^8 determined from 
THz transmission data- we obtain x 10 _1 

under the same conditions. Thus, the OME generat- 
ing the electromagnon mode at 1 THz is the same order 
of magnitude as the magnetic susceptibility associated 
with the pure magnon band. In fact, Aa/a ave found in 
the order of unity means that the imaginary part of the 
magnetoelectric susceptibility around cj^ITHz is close 
to the upper theoretical bound allowed by the second 
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FIG. 3: Directional dichroism, i.e. the change in the absorp- 
tion upon reversal of the light propagation, can be equiva- 
lently induced by the switching of either the static magne- 
tization (M) or the polarization (P) of the sample, a, Due 
to the resonant absorption the radiation decays as passing 
through the material. This loss can be controlled both by 
M (|| H^) and P (|| E w ). b, For example, the reversal of P 
by 7r rotation of the sample around the y axis can reduce the 
absorption which is somewhat exaggerated for clarity, c & d, 
Only the absorption of the electromagnon has a large compo- 
nent odd both in M and P, thus shows directional dichroism, 
Act. e, As the magnetic field is increased up to H=70 kOe, Act 
spectra grows monotonously and the peak position exhibits a 
red-shift, f, The OME vanishes with the loss of long-range 
order above Tjv=6.7K even in H=70kOe. 



law of thermodynamics according to S{ ^ e zz (<jj)n xx Juj) — 
^Xxzi^)}— 0- Though the symmetry would also al- 
low directional dichroism for the other polarization when 
E W ||M & H^||P, we found that Ao^O within the pre- 
cision of the experiment. 

In conclusion, we showed that in multiferroic materi- 



als the OME can be resonantly enhanced in the range 
of spin excitations through an electric dipole-magnetic 
dipole interference. Such electromagnon excitations give 
a unique opportunity to fabricate magnetically control- 
lable directional light-switch for unpolarized microwave 
and terahertz radiation based on bulk materials. We 
demonstrated for the case of multiferroic Ba2CoGe207 
that this idea indeed works and a directional dichroism 
in the order of unity can be realized within the THz- 
region of the electromagnetic spectrum. 

We thank to R. Shimano, T. Arima, S. Miyahara, N. 
Nagaosa, A. Janossy, K. Penc, and G. Mihaly for discus- 
sions. This work was supported by KAKENHI, MEXT 
of Japan, by Funding Program for World-Leading In- 
novation R&D on Science and Technology (FIRST) on 
"Strong-correlation quantum science", and by Hungar- 
ian Research Funds OTKA PD75615, NK72916, Bolyai 
00256/08/11, TAMOP-4.2.1/B-09/1/KMR-2010-0002. 



[1] T.H. O'Dell, The electrodynamics of magnetoelectric me- 
dia, (North-Holland Pub. Co., 1970). 

[2] L.D. Barron, Molecular light scattering and optical activ- 
ity, (Cambridge University Press, 2004). 

[3] W.F. Brown, Jr.S. Shtrikman, and D. Treves, J. Appl. 
Phys. 34, 1233 (1963). 

[4] N.B. Baranova, Yu.V. Bogdemov, and B.Ya. Zel'dovich, 
Sov. Phys. Usp. 20, 870 (1977). 

[5] M. Fiebig, J. Phys. D.: Appl. Phys. 38, R123 (2005). 

[6] T. Roth and G.L.J.A. Rikken, Phys. Rev. Lett. 88, 
063001 (2002). 

[7] T. Roth and G.L.J.A. Rikken, Phys. Rev. Lett. 85, 4478 
(2000). 

[8] B.B. Krichevtsov, V.V. Pavlov, R.V. Pisarev, and V.N. 

Gridnev,Phys. Rev. Lett. 76, 4628 (1996). 
[9] G.L.J.A. Rikken, C. Strohm, and P. Wyder, Phys. Rev. 

Lett. 89, 133005 (2002). 
[10] J.H. Jung et al., Phys. Rev. Lett. 93, 037403 (2004). 
[11] M. Saito, K. Ishikawa, K. Taniguchi, and T. Arima, Phys. 

Rev. Lett. 101, 117402 (2008). 
[12] N. Kida et al., Phys. Rev. Lett. 96, 167202 (2006). 
[13] M. Kubota et al., Phys. Rev. Lett. 92, 137401 (2004). 
[14] Y. Tokura, Science 312, 1481 (2006). 
[15] K.F. Wang, J.-M. Liu, and Z.F. Ren, Advances in Physics 

58, 321 (2009). 
[16] T. Kimura et al., Nature 426, 55 (2003). 
[17] A. Pimenov et al., Nat. Phys. 2, 97 (2006). 
[18] A.B. Sushkov et al.,Phys. Rev. Lett. 98, 027202 (2007). 
[19] N. Kida, et al., Phys. Rev. B 80, 220406 (2009). 
[20] A. Zheludev et al., Phys. Rev. B 68, 024428 (2003). 
[21] H.T. Yi et al., Appl. Phys. Lett. 92, 212904 (2008). 
[22] H. Murakawa et al., Cond-mat/1005.4986 (2010). 
[23] T. Sato, T. Masuda, and K. Uchinokura, Physica B 392, 

880 (2003). 

[24] N. Kida et al.,Phys. Rev. B 78, 104414 (2008). 



